Abstract: Excessive nutrient input from urban areas increases the occurrence of eutrophication. Control of nutrient loads is perceived as the primary restoration method. Quantifying temporal variation of nutrient loads is essential to understand the dynamic relationships of nutrient source-impacts in the urban water system and investigate the operational efficiency of treatment facilities for eutrophication control. Here, a holistic approach was developed to estimate nutrient loads from different sources and evaluate nutrient impacts on the urban water environment. An integrated catchment model of nutrient loads was built and applied to calculate river nutrient loads from untreated rainfall runoff, untreated sewage, and treated recharge into the eutrophic Dianchi Lake from an urban river catchment with limited infrastructure. Nutrient impacts on the lake were evaluated and a load reduction strategy was given a hint to reduce nutrient impacts of urban rivers. During the study period 2014-2016, nutrient loads from the urban river generally decreased except during heavy winter rainfall events and high-intensity pollution events associated with rainfall runoff. The average contribution of annual nutrient loads to the lake capacity indicated the underestimation of nutrient impacts of urban rivers. This approach provides new insights into urban water management and underscores the importance of sewage infrastructure.
Introduction
Rapid urbanization challenges city drainage infrastructure and modifies river flow regime [1, 2] . Excessive nutrient input from urban areas leads to water quality degradation. Controlling nutrient loads in urban areas is a key component of urban water management. The nutrient discharge of urban rivers depends on the dynamic characteristics of wastewater generation and variable rainfall input into the catchment. These dynamic factors render it difficult to quantify the exact number of loads that are released from point and nonpoint sources, especially during unequally distributed rainfall events [3, 4] . Improving the identification of temporal variation in nutrients generated by various sources that affect the total loads into receiving water will support to understand the dynamic relationships of nutrient source-impacts in the urban water system, as well as investigate the performance of facilities for nutrient removal.
Previous studies have developed methods to estimate nutrient loads from point sources and nonpoint sources into urban rivers. The effluent from wastewater treatment plants (WWTPs) is an identifiable point source of pollution into river systems. Its loads were determined with online water quality monitoring and real-time control systems [5] . However, the occurrence and magnitude of nonpoint sources of pollution are difficult to evaluate due to variability in rainfall. For example, urban sewer networks will experience hydraulic overload during rainy days. Combined sewer overflow (CSO) then occurs in the combined sewer network and untreated sewage discharges directly from overflow structures without any treatment. Nonpoint source pollution models were built to simulate spatial and temporal distributions of nonpoint source pollution loads [6, 7] . Nevertheless, quantifying the impact of highly transient CSOs has remained a challenge for large urban drainage systems [8] . Even et al. modeled the impact of CSOs on the water quality of the Seine River and demonstrated the complexity of response in the receiving system [9] . In addition, some microbial, chemical markers and isotopes have been increasingly used to distinguish nutrient sources in urban rivers and estimate the mixing ratio of wastewaters [10] [11] [12] . However, the relative contribution of water volumes is not equivalent to that for nutrient loads. Consequently, a complete understanding of the temporal relationship of nutrient source-impacts requires a holistic approach that combines reliable simulation of urban drainage systems and a feasible long-term monitoring framework.
Understanding nutrient source-impacts in urban water systems provides hints of enhancing urban water management for eutrophication control [13, 14] . Dianchi Lake comprises an area of more than 300 km 2 and lies south of Kunming City, which is the largest city in the Yunnan Province of China. The lake is one of the three most eutrophic lakes in China that is fed by 35 rivers [15] . Some of the rivers are actually artificial waterways that function as sewage pathways forced by limited infrastructure. Urban rivers contribute large amounts of nutrient loads into the lake as they convey treated effluent, rainfall runoff, and untreated sewage. Attempts to quantify nutrient loads into the Dianchi Lake watershed have been conducted over the last 20 years. Temporal characteristics of the point sources of pollution have also been described by a probability distribution of WWTP effluent concentrations [16, 17] . Further, a number of studies have investigated rainfall nonpoint source pollution processes in urban and rural areas [18, 19] . Based on these in situ monitoring data, the spatio-temporal distribution of nutrient loads into Dianchi Lake have been evaluated with export coefficient models [20] [21] [22] and nonpoint source pollution models [23] [24] [25] . From these studies, point source loads were considered to be in decline due to increased WWTP capacity and decreased effluent concentrations in the watershed, while urban nonpoint sources of pollution were concomitantly becoming important because of the expansion of built-up areas over the preceding 30 years [26] . However, these nutrient load estimations were based on annual statistical data and thus could not identify temporal variation in urban river loads necessary to estimate differences in dry and wet weather annually. In addition, untreated sewage loads from urban rivers were theoretically assumed the difference of the load generated and the load removed by WWTPs and were failed to identify the real contribution into the lake by downstream river monitoring data either. Furthermore, control of nutrient loadings is regarded as the primary restoration method [27] . The lack of temporal quantification of nutrient loads from urban rivers hinders the ability of researchers and officials to understand the dynamic relationships of nutrient source-impacts in the drainage system of Kunming City and correspondingly reduce nutrient impacts of urban rivers.
This study aimed to develop a holistic approach to evaluate nutrient source-impacts in an urban river catchment. An integrated catchment model of river nutrient loads was built based on the semi-distributed storm water management model (SWMM) [28] using long-term monitoring data. The model was then applied to calculate the discharge of nutrient sources, including rarely quantified untreated sewage, in addition to identifying temporal variation of nutrient loads. This approach was then validated with a case study of an urban river into the eutrophic Dianchi Lake. A load reduction strategy was suggested based on the performances of combined sewer detention tanks (CSDTs) and WWTPs and the analyses of load reduction scenarios in order to provide new insights into urban water management.
Materials and Methods

Methodology
Nutrient source-impacts in an urban catchment were evaluated using the following holistic approach in Figure 1 . Primary sources were identified by field inspections and the drainage network analysis. Temporal variation of nutrient loads from point sources and nonpoint sources were then estimated under dry and wet weather conditions using long-term monitoring data and reliable simulation results. Consequently, dynamic nutrient impacts on the urban water environment were evaluated based on the performances of CSDTs and WWTPs and the analyses of load reduction scenarios. Reduction efficiencies under assumed load reduction scenarios were compared to guide suggestions for urban water management to limit eutrophication. There was significant variability in the measurement of irregularly discharged untreated sewage. This was particularly evident in the underground section of the river passing through the urban center of the city. Furthermore, untreated sewage discharged directly into the river without any treatment in the catchment with incomplete sewerage infrastructure, especially during wet weather days. The contribution of untreated sewage and rainfall runoff were separately analyzed by dry and wet weather characterizations, and the assumption of untreated sewage loads with a holistic perspective. Wet weather days were considered as those days of rainfall runoff occurrence when daily rainfall exceeded a given threshold, which was assigned by the simulation results of nonpoint source pollution models. In addition, the volume of untreated sewage was assumed to be the amount of wastewater that exceeded the transport capacity of the sewer system during dry weather and remained static for a period of time that was independent of rainfall quantity. A longer antecedent dry weather period (ADWP) provided a more convincing estimate of the static assumption, but the effective data was sparse and insufficient for monthly calculations. The static period was set as one month. Thus, the concentration of untreated sewage was equal to that of the WWTP influent during dry weather days over one month.
During wet weather conditions, rainfall runoff was simulated by an SWMM-based nonpoint source pollution model. Fine-discretized sub-catchments were classified into four groups based on land surface characteristics: Rooftops, paved roads, walkways, and lawns. Each component was calibrated by separating hydrology and water quality portions of the model with monitoring data. The nutrient load from rainfall runoff could be calculated if validation results exhibited good agreement between observed and simulated values.
Site Description
Laoyunlianghe River is a man-made 11.3 km waterway in urban Kunming, which is the capital of the Yunnan Province in southwest China (Figure 2 ). The river catchment is intensely urbanized with more than 250,000 residents living in a total area of 19.8 km 2 . The major land use types are residential (31%) and public service (18%) (right side of Figure 3 ). The Laoyunlianghe River lacks a clean headwater source, due to a reservoir that has dried up, and receives untreated sewage and WWTP recharge along its path. The river becomes a severely polluted river along its path that discharges into Caohai Lake with the average water level of 1886.5 m above sea level (asl) in the northern section of Dianchi Lake with the average water level of 1887.0 m asl. Caohai Lake comprises a total area of about 10.7 km 2 and suffers from eutrophication as a result of excessive nutrient input from Kunming City [29] . Seven urban rivers contribute the majority of nutrient loads into Caohai Lake, which is more eutrophic than the southern section of Dianchi Lake [30] . To facilitate the recovery of Dianchi Lake from eutrophication, the project of Niulanjiang River-Dianchi Lake Water Replenishment diverts an annual average volume of 6.0 × 10 8 m 3 fresh water to Dianchi Lake since 2014, which half of the water is diverted to Caohai Lake through Daguanhe River [31, 32] . The Laoyunlianghe River catchment situated in the north of Dianchi Lake. The Laoyunlianghe River is one of the seven rivers into Caohai Lake, the northern part of Dianchi Lake.
The complex drainage network of the catchment dominates the nutrient source-impacts of the Laoyulianghe River. The middle stream of the river passes through the urban center where it becomes an underground waterway, contributing to the difficulty in identifying pollution sources. The drainage network of the Lower Laoyunlianghe River is illustrated on the left side of Figure 3 to differentiate hydrological processes of varied nutrient sources. Domestic wastewater and intercepted rainfall runoff are collected and conveyed to the WWTP by pipelines, CSDTs, and pumping stations. The treated WWTP effluent is discharged to replenish the Lower Laoyunlianghe River at two different points (before and after the WWTP) in addition to the Wulong River. Due to incomplete sewerage infrastructure and the limited capacity of the WWTP (210,000 m 3 /day), untreated sewage and untreated rainfall runoff likely discharge directly into the lake, thereby posing a serious pollution risk to Caohai Lake. Four CSDTs have been in full operation since 2016 to mitigate peak flows in pipelines and the river during rainy days. Gate valves of CSDTs are installed at the inlets to regulate flow rates into tanks. The filling of the tank occurs during rainy days but, when the tank is full, the filling is stopped and incoming flows from pipelines are discharged to pumping stations. The emptying of the tank begins when flow rates in the pumping station and WWTP remain below maximum potential output rates. A new filling of the tank is possible only when the CSDT has completed emptying. These CSDTs have a total capacity of 45,000 m 3 and jointly serve a drainage area of 7.33 km 2 within the catchment that is mostly inside the second ring road of Kunming City with combined sewer systems. Moreover, three downstream dams help reduce the frequency of overflow occurrences and render the east branch of the Lower Laoyunlianghe River as a reservoir for wastewater treatment and to buffer rainfall runoff.
Integrated Monitoring Framework and Data Acquisition
The present study refers to the period of 2014-2016. An integrated monitoring framework was established for water quality, hydrology, and rainfall in the Laoyunlianghe River catchment in order to document and evaluate the temporal variation of nutrient loads generated by treated effluent, rainfall runoff, and untreated sewage in the three years. River nutrients were sampled weekly at the river monitoring station (Figure 3 ) that is located prior to the confluence with Caohai Lake. A total of 148 samples were collected between 2014 and 2016, with the exception of times during construction at the monitoring site. Three rainfall runoff events with a total of 52 samples were monitored at locations of rooftops, paved roads, and lawns in the catchment, as described by Li et al. [24] . All samples were stored in polyethylene terephthalate (PET) bottles and analyzed at a certified laboratory. Chemical oxygen demand (COD), ammonia nitrogen (NH 3 -N), and total phosphorus (TP) of water samples were determined with official analytical methods (GB 11914-89 for COD, HJ 535-2009 for NH 3 -N, and GB 11893-89 for TP). The influent and effluent of the WWTP were monitored hourly by a real-time control system for flow rates and nutrient concentrations. Real-time sensors were calibrated monthly. Operation cycles of tank filling and emptying were recorded, thereby allowing the calculation of actual storage volumes for CSDTs.
Hourly rainfall was measured by seven rain gauges within the catchment (Figure 3 ), which helped reduce spatial uncertainty for rainfall measurements. Rainfall amounts varied significantly across stations and was due to the plateau mountain topography of Kunming City. The area-weighted rainfall over the catchment was calculated with the Thiessen polygon approach [33] .
Nutrient impacts on the urban water environment were evaluated using the target capacity of Caohai Lake during the period of 2016-2020 that was specified by the thirteenth five-year plan [34] .
Integrated Catchment Model of Nutrient Loads
The nutrient load of the Laoyunlianghe River into the lake (L river [t/d]) was calculated as production of instantaneous concentration and instantaneous flow at the river monitoring station indicated in Figure 3 .
where c is the concentration and q is flow, both considered as a function of time (t), and k is a unit conversion factor. Three nutrient sources contributed to the nutrient load of the Laoyunlianghe River into the lake: (1) Treated recharge (L treated recharge ); (2) untreated rainfall runoff (L untreated rainfall runoff ); and (3) untreated sewage (L untreated sewage ). Nutrient loads into the lake could be described with the following mass balance equation:
where L river , L treated recharge , L untreated rainfall runoff , and L untreated sewage are nutrient loads of river into the lake, treated recharge, untreated rainfall runoff, and untreated sewage, respectively. Because the concrete-lined rectangular channel lacked riparian vegetation, no nutrient reduction was assumed to occur along the river channel. Treated loss, as part of the treated effluent, was replenished to the Wulong River catchment that was beyond the scope of the Laoyunlianghe River catchment and was excluded from the nutrient load calculation. The volume of untreated sewage was estimated using the following method.
During dry weather conditions, river flow without the impact of rainfall runoff can be assumed to be in a steady state, and thereby L untreated rainfall runoff = 0 and q river = q treated recharge +q untreated sewage . Based on the assumptions of the concentration of untreated sewage from the methodology section, the volume of untreated sewage was thus given by:
where c river , c effluent , and c influent are nutrient concentrations of the river monitoring station (Figure 3 ), WWTP effluent, and WWTP influent, respectively. q treated recharge is the water volume of WWTP treated effluent to replenish the Lower Laoyunlianghe River. Based on Equation (3), the monthly median load of untreated sewage, L untreated sewage , was calculated and river loads into the lake during dry weather were given as L river, dry .
During wet weather conditions, rainfall runoff was calculated at a catchment scale based on the nonpoint source pollution model SWMM that was calibrated by data from three monitored events with an average Nash-Sutcliffe efficiency on flow equal to 0.90 and mean relative errors for COD, NH 3 N, and TP each less than 35%, as described by Li et al. [24] . Due to the infiltration capacity of the prevailing sandy soils in the catchment, simulation results showed that there was no contribution from runoff when simulated daily rainfall was less than 5.0 mm. In other words, days with daily rainfall greater than 5.0 mm measured by at least one rain gauge in the catchment were defined as wet weather days. Thus, river loads into the lake during wet weather were given as L river, wet .
Load Reduction Scenarios
One basic scenario and three nutrient load reduction scenarios were defined based on the identification of sources of the Laoyunlianghe River (Table 1) . The increased intercepted rainfall under scenario RT and the reduced untreated sewage under scenario US should be treated by the WWTP and therefore contribute to increases in the volume of treated water. The impact of load reduction was simulated by changing the volume (scenarios RT and US) or the concentration (scenario TE) by five percent increments or decrements and the load reduction efficiencies under these simulations were compared to guide suggestions for improvements in local water quality.
Results and Discussion
Temporal Distribution of Dry and Wet Weather
The average rainfall was calculated from seven rain gauge datasets in the Laoyunlianghe River catchment and visualized as a heat map of average daily rainfall depth during the period 2014-2016 ( Figure 4) . The annual rainfall depth in each year was greater than the annual average of 932.0 mm for the catchment [29] , where at least 75% of the rainfall occurred in the rainy season (May to October). The catchment also experienced unusually heavy winter rainfall events comprising a total of 111.1 mm in January 2015. The total number of wet weather days during the three-year period were 71, 66, and 76, respectively. There was a nonlinear relationship between the number of wet days and the rainfall depth in a year. The number of wet days in 2015 was the lowest of the three years, although the annual rainfall was the highest in 2015 (1118.3 mm) owing to the highest number of heavy rain events (daily rainfall > 50 mm). 
Temporal Characteristics of Untreated Sewage
All river nutrient data were classified according to their ADWP and the three-year-average was calculated for untreated sewage volumes under six scenarios based on Equation (3) (Figure 5 ). The number after "scenario ADWP" is the duration of the antecedent dry weather period measured in days. The scenario "All" includes the use of data during wet weather. The scenario "ADWP 1" refers to the data with an ADWP of no less than one day. A significant difference in the volume was observed between scenario "All" and the other five ADWP scenarios, where the average volume of the former was 50% greater than that of the others. Further, the greater variability of scenario "All" indicated the occurrence of sewage overflows that were caused by intense rainfall events during wet weather. No obvious differences were observed for the average volumes and standard deviations for the five ADWP scenarios. These results implied that the average duration of individual rainfall runoff events was less than 24 h, which is consistent with other investigations of small urban catchments [35, 36] . Monthly data was only available for scenario ADWP 1, because data gaps were present in the rainy season for ADWP scenarios 2 to 5. Therefore, untreated sewage was calculated based on scenario ADWP 1 because of data accuracy and availability. 
Performance of the WWTP and CSDTs During Wet Weather
Facility efficiency was likely to be affected by rainfall runoff during wet weather. The WWTP and CSDTs in the catchment were typical facilities and their performances were assessed as follows.
The WWTP performance during dry and wet weather over the three-year period is shown in Figure 6 . An average of 12,000 m 3 (5%) more diluted sewage was treated in the WWTP during one wet day, due to the combination of raw sewage and rainfall runoff, although there were obvious fluctuations in the influent quality and treated volume. Influent data fluctuations were also pronounced in the real-time data. Hourly influent COD response is illustrated during two wet and two dry weather conditions (Figure 7) . The data showed that influent quality peaked in a rainfall event during wet weather that exacerbated the observed daily variation. WWTP load reductions on wet days are indicated in Figure 6 as individual blue points in the lower left corner of the scatter plots. The results suggested that the WWTP was more likely to operate at a short hydraulic retention time (HRT) with a low load reduction during wet weather. TP removal in wet days was significantly affected by weather conditions and was 21% lower than during dry weather. CSDT efficiencies in 2016 were evaluated with daily rainfall intensities (Figure 8 ). Daily rainfall intensities were categorized as light (0-10 mm/day), moderate (10-25 mm/day), and heavy (>25 mm/day). The intercepted ratio was calculated as the fraction of rainfall runoff that was intercepted by CSDTs in the served area. Four CSDTs intercepted a total volume of 344,000 m 3 in 2016 and a majority of the interception occurred under moderate rainfall intensities. The ratio of intercepted rainfall runoff decreased with increasing rainfall intensity. The maximum intercepted ratio was 0.34 and achieved under "light" rainfall conditions. These results implied that more than one-third of the runoff generated during light rainfall intensity events was collected and treated by the WWTP. Nonpoint source pollution under "light" rainfall conditions was mitigated significantly by CSDTs because CSDTs were designed to collect the dirty first flush and reduce the number and duration of overflow using limited capacity tanks [37, 38] . However, continuous rainfall events in the rainy season resulted in WWTP overloads and weak performances of CSDTs under moderate and heavy rainfall intensities. 
Temporal Variation of River Loads into the Lake
The integrated catchment model was used to calculate the water volume and nutrient loads contributed to the lake from untreated rainfall runoff, untreated sewage, and treated recharge. The temporal variation of river loads is discussed below with emphasis on identifying major sources and inter-annual variability.
The monthly discharged water volume delineated by each nutrient source and the corresponding monthly rainfall in the catchment are presented in Figure 9 . The annual average volume of discharge into the lake was 6.9 × 10 7 m 3 . Peak monthly discharge volumes coincided with periods of heavy rainfall, while treated recharge was the primary contributor to water volume. The impact of treated recharge increased after 2014 because less treated effluent was recharged to other rivers following the completion of the Niulanjiang River-Dianchi Lake Water Replenishment Project [31] . The volume of untreated sewage was the smallest contributor among the three sources, and exhibited a 50% decline in its annual average during the three-year period.
Monthly nutrient loads delineated by each nutrient source are presented in Figure 10 . The annual average nutrient loads into the lake comprised 2559 tons of COD, 38 tons of TP, and 214 tons of NH 3 N. Total loads generally decreased except during heavy winter rainfall events in January 2015 and during a high-intensity pollution pattern associated with rainfall runoff in August 2015. Heavy rainfall events appeared to have long-duration effects in the winter, which influenced the accuracy of calculating untreated sewage discharge. For five summer months with peak rainfall depths greater than 200 mm, the majority of nutrient loads were generated under light-moderate rainfall intensities (Figure 11 ). These results indicated the lack of an obvious flushing effect with increasing rainfall runoff volume [39] . Of the three nutrient sources, treated recharge loads for TP and NH 3 N exhibited periodic variation and low points during the rainy season. Thus, the concentration of WWTP effluent during the rainy season was lower than during the dry season, despite the lower load reduction. A summary of water volume and nutrient loads from the three sources are presented in Table 2 and expressed as average percentage contributions. Treated recharge was the largest source of river water into the lake, with a mean contribution of 82%. However, untreated sewage loads accounted for more than 40% of the COD, TP, and NH 3 N contents. Elevated untreated sewage loads were attributed to influent concentrations that were more than ten times that of the effluent, despite the relatively low volumes, consequently highlighting the importance of quantifying untreated sewage loads [40, 41] . Inter-annual variation was evaluated using 2014 as the base year ( Figure 12 ). The volume of untreated sewage sharply decreased during the three years thanks to the sewage infrastructure project. The treated sewage ratio was the fraction of dry-weather sewage that was treated by the WWTP and was calculated as the treated effluent divided by the sum of itself plus the untreated sewage. The treated sewage ratio was 0.96 in 2016, which represented 96% of the sewage that was collected and treated at the WWTP during dry weather periods. In addition, pronounced inter-annual changes were observed overall, with the exception of TP load in 2015. Treated recharge and untreated rainfall runoff loads increased slightly in 2015. This anomaly was attributed to the incidence of high-intensity pollution from rainfall runoff and the weak removal by WWTP that was affected by the heaviest rain events of all three years. 
Nutrient Impacts on the Lake and Analysis of Scenarios.
The principal nutrient was identified by the lake capacity. In addition, the impacts of nutrients on the lake were characterized based on the target capacity of Caohai Lake during the period of 2016-2020 ( Figure 13) . TP was the principal nutrient on the lake, which considered to be one of the main limiting factors in the Caohai Lake [42, 43] . Considering three nutrients, the average ratio of nutrient loads to the lake capacity is 0.30. This number suggested an underestimation of nutrient impacts of urban rivers regarding the other six rivers into Caohai Lake (Figure 2 ) with a numerical relation of 0.30 versus 0.14 (1/7) and the large volume of recharge from the water replenishment project that were excluded from the calculation [31] with a numerical relation of 6.9 × 10 7 m 3 versus 3.0 × 10 8 m 3 (half of the 6.0 × 10 8 m 3 ). The analyses of load reduction scenarios indicated the presence of increased urban water management using 2016 as the base year ( Figure 14) . Three curves from the load reduction scenarios were above the basic scenario curve, highlighting the underestimation of the impact from the untreated sewage load. TP and NH 3 N load impacts decreased significantly with the variation of untreated sewage volume while COD load was more sensitive to the treated effluent concentration. Consequently, reducing the amount of untreated sewage in the incomplete sewage region should be a priority in order to improve the water quality of Dianchi Lake. Furthermore, we supposed that the reduced untreated sewage under scenario US was treated by the WWTP and therefore contributed to the increase of treated volume. Thus, efforts should be made to ensure the efficient operation of WWTPs during wet weather, and especially during heavy winter rain events. Figure 14 . Impact of parameter change on the lake capacity under four load reduction scenarios using 2016 as the base year. Circles on each curve indicate the ratio of annual river loads to the lake capacity with the corresponding parameter change.
Limitations
This study utilized a holistic perspective to evaluate the variation in nutrient loads from an urban catchment into the lake, while validating the approach with a case study. The contribution of three nutrient sources were separately analyzed by simplified representations of the drainage network, wet weather characterizations, reliable simulations of non-point source pollution modelling system, and the assumption of untreated sewage loads. Long-term nutrient loads were calculated using an integrated catchment model and three-year monitoring data available at various time scales (hourly, daily, and weekly). During wet weather conditions, the semi-distributed SWMM model is built to simulate the quantity and quality of rainfall runoff from the rooftops, paved roads, walk ways, and lawns in the fine-discretized sub-catchments with significant spatial differences. The temporal trends of load variation and source contributions were identified at the monthly scale without considering transient fluctuations. However, the acute short-term impacts of overflow pollution cannot be fully investigated using the current monitoring framework.
This study aimed to provide a holistic approach to evaluating nutrient impacts on the urban water environment for eutrophication control. An urban river catchment is a management unit for eutrophication control of the receiving water. Total nutrient loads into the lake consider WWTP recharge as one individual source, but do not consider the spatial difference of sewage generation in the catchment. Thus, all of the simplifications, assumptions, and results were case-based for the catchment. Different hydrological features, land use patterns, and other catchment characteristics may lead to different conclusions from those described here without careful validation.
Conclusions
A holistic approach was developed here that combined reliable simulations of urban drainage systems and a feasible long-term monitoring framework to assess the temporal nutrient source-impacts in an urban river catchment and also investigate the performance of WWTPs and CSDTs. This approach was based on drainage network analysis, wet weather characterizations, and the assumption of untreated sewage loads. The volume of untreated sewage was assumed to be the volume of wastewater that exceeded the transport capacity of the sewer system during dry weather and was considered static over one month, independent of rainfall amounts. Moreover, the concentration of untreated sewage was assumed to be equal to that of the WWTP influent during dry weather days over one month. Validation results showed good agreement between the assumed and ideal scenarios. Therefore, we established an integrated monitoring network for water quality, hydrology, and rainfall in the Laoyunlianghe River catchment and conducted long-term monitoring for the study period 2014-2016. An integrated catchment model was built and applied to calculate river nutrient loads from untreated rainfall runoff, untreated sewage, and treated recharge into the eutrophic Dianchi Lake. During wet weather conditions, the quantity and quality of rainfall runoff in the fine-discretized sub-catchments were simulated by the semi-distributed SWMM model. Nutrient impacts on the lake were evaluated using the target capacity for reference and a load reduction strategy was provided to enhance urban water management for eutrophication control.
New insights are described here for nutrient source-impacts in a highly urbanized catchment. The WWTP was more likely to operate at a short hydraulic retention time (HRT) with a low load reduction during wet weather. The ratio of intercepted rainfall runoff by four CSDTs in the catchment decreased with increasing rainfall intensity. Treated recharge was the largest source of river water into the lake with a mean contribution of 82%. Untreated sewage loads accounted for more than 40% of the COD, TP, and NH 3 N contents. Total loads generally decreased except for during heavy winter rainfall events in January 2015 and during a high-intensity pattern of pollution from rainfall runoff in August 2015. TP was identified as the principal nutrient in terms of nutrient impacts on the lake. The average contribution of annual nutrient loads to the lake capacity indicated the underestimation of nutrient impacts of urban rivers. Analysis of load reduction scenarios highlighted the idea that reducing the amount of untreated sewage in the incomplete sewage region was a priority in improving the water quality of Dianchi Lake. Future work should investigate the contributions of untreated sewage to the many other major rivers, and the acute short-term impacts of overflow pollution from urban rivers into the Dianchi Lake that will reduce the uncertainty in the estimation of nutrient loads. 
